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Fibroblasts and myofibroblasts in renal fibrosis
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Introduction

Renal fibrosis, whether the origin is inflammatory or immuno-

logical (e.g. pyelonephritis or lupus nephritis), obstructive

(e.g. kidney stones), metabolic (diabetic nephropathy) or sys-

temic [e.g. nephrogenic systemic fibrosis (NSF)], inevitably

progresses to end-stage renal disease with progressive, irre-

versible decline in renal function. Glomerular inflammation,

mesangial expansion and sclerosis have all been considered

important factors in the development of chronic kidney dis-

ease (CKD). In the majority of patients with CKD, however,

the progression of renal insufficiency is most closely corre-

lated to the degree of tubular atrophy and interstitial fibrosis.

Fibrosis can be considered aberrant wound healing, in

which there is progression rather than resolution of scarring

following injury and fibroblasts are central to this process.

Fibroblasts have distinct phenotypes depending on the

disease and site from which they are isolated. Fibroblasts in

the interstitium of kidneys with chronic progressive disease

take on a contractile myofibroblastic phenotype and are

responsible for the formation of the fibrillar collagen-rich

extracellular matrix (ECM) that fills the interstitium leading

to nephron loss and declining kidney function. The presence

of myofibroblasts is, therefore, recognized as a predictor of

fibrotic progression in both experimental models and human

renal diseases.

What are fibroblasts?

Fibroblasts are mesenchymal cells that display a spindle-

shaped morphology and are ubiquitous in tissues and organs

throughout the body. They are the source of many of the

constituents of the ECM and so are essential for the main-

tenance of normal tissue architecture. They also synthesise a

variety of proteolytic enzymes and inhibitors, which enables

them to control the assembly and turnover of the ECM.

Fibroblasts from the renal cortical interstitium typify this

and for many years have been known to have an extensive

endoplasmic reticulum with a high capacity for protein syn-

thesis (Lemley & Kriz 1991).

Fibroblasts display a large degree of heterogeneity depend-

ing on their anatomical site of isolation and their degree of

activation (Rodemann & Muller 1990, 1991; Muller &

Rodemann 1991; Rodemann et al. 1991; Muller et al. 1995).
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Summary

Interstitial fibrosis, associated with extensive accumulation of extracellular matrix

constituents in the cortical interstitium, is directly correlated to progression of renal

disease. The earliest histological marker of this progression is the accumulation in

the interstitium of fibroblasts with the phenotypic appearance of myofibroblasts.

These myofibroblasts are contractile cells that express alpha smooth muscle actin

and incorporate it into intracellular stress fibres. Although fibroblasts are histologi-

cally visible in normal kidneys, there are relatively few of them and proximal tubular

epithelial cells predominate. In progressive disease, however, the interstitium

becomes filled with myofibroblasts. In this review, we will examine the phenotype

and function of fibroblasts and myofibroblasts in the cortical interstitium and the

processes that may modulate them.
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Unlike many other tissues, the normal renal cortex contains

relatively few fibroblasts, with perhaps only two or three

positioned in a perivascular or peritubular location when

viewed in biopsy sections. These cells stain positively for the

intermediate filament protein vimentin, but, while they do

not stain for the smooth muscle marker desmin, they are

weakly positive for alpha smooth muscle actin (a-SMA)

(Alpers et al. 1994; Clayton et al. 1997). There are relatively

few specific markers; however, for these cells and once in cul-

ture, it is difficult to distinguish fibroblasts from, for example,

mesangial cells or smooth muscle cells. Several research

groups, including our own, have described patterns of marker

expression that can be used for identification, particularly

in vitro (Knecht et al. 1991; Muller & Rodemann 1991; Rode-

mann & Muller 1991; Rodemann et al. 1991; Clayton et al.

1997; Strutz et al. 2001); nevertheless, cortical fibroblasts

have not been extensively researched either in vivo or in vitro.

That interstitial fibroblasts in the kidney have an endo-

crine role has been known for some time. Maxwell et al.

described a population of cells in the interstitium of the cor-

tex and outer medulla with the appearance of fibroblast-like

type I interstitial cells and that these were the source of

erythropoietin (EPO) (Maxwell et al. 1993). Regulation of

EPO production by the kidneys is central to the control of

erythropoiesis, and EPO controls erythropoiesis by regulat-

ing the survival, proliferation and differentiation of ery-

throid progenitor cells. Thus, the presence of normal

interstitial fibroblasts is essential for homoeostasis and pro-

tection against anaemia. In a subsequent study examining

EPO expression in a variety of models of renal injury, Max-

well et al. found a marked reduction in interstitial cells

expressing EPO, or able to induce EPO when given a hyp-

oxic challenge (Maxwell et al. 1997). There were, however,

cells present, even in severely injured areas, that could be

induced to express EPO and this suggested that myofibro-

blasts may also have an endocrine function, although

reduced compared to fibroblasts.

Opinion is still divided on the origin of the resident fibro-

blast in the renal cortex. There is some evidence that fibro-

blasts derived from bone marrow may make up as much as

12% of the interstitial population of the normal kidney

(Iwano et al. 2002). Furthermore, in a disease context (chronic

allograft rejection), this number increased to 30% (Grimm

et al. 2001), clearly confirming the potential of this route for

populating the cortex. Classical studies, however, indicate

that resident interstitial fibroblasts are derived from the

uninduced mesenchyme in the embryonic kidney (Ekblom &

Weller 1991). Whatever the source of the normal resident

fibroblasts, however, it is clear that their numbers increase in

disease, and they may be activated by a variety of cytokines,

growth factors, particularly transforming growth factor (TGF)

b1 or ECM constituents to differentiate into myofibroblasts.

What are myofibroblasts?

Myofibroblasts are terminally differentiated cells, rarely

found in non-pathological situations that are responsible for

the synthesis and accumulation of interstitial ECM compo-

nents such as type I and III collagens and fibronectin during

wound healing and at sites of scarring and fibrosis. Myofi-

broblasts were identified initially in the granulation tissue

of healing wounds (Gabbiani et al. 1971; Majno et al.

1971). They are contractile cells expressing many of the

morphological and structural features of smooth muscle

cells, with flattened and irregular morphology and well-

developed cell–ECM interactions and intercellular gap

junctions (Vaughan et al. 2000). In particular, they have

abundant expression of a-SMA and incorporate it into

stress fibres. The classical description of the differentiation

of the myofibroblast from resident fibroblasts involves their

passing through a proto-myofibroblastic stage (Desmouliere

et al. 2005). This process is poorly understood, but the

importance of mechanical factors is becoming increasingly

apparent (Hinz & Gabbiani 2003a,b, Hinz et al. 2004;

Tomasek et al. 2002, 2006) (Figure 1). The proto-myofibro-

blast phenotype is characterized by the increased expression

of fibronectin (Hinz & Gabbiani 2003a,b; Hinz et al.

2001a,b, Hinz et al. 2007) and specifically the expression

of the alternately spliced ED-A isoform, which is not

expressed by fibroblasts (Ffrench-Constant et al. 1989).

Proto-myofibroblasts are distinct from myofibroblasts and

do not express the classical marker of the myofibroblast

phenotype, a-SMA (Hinz et al. 2001a,b, 2003; Tomasek

et al. 2002). The expression of ED-A fibronectin has been

shown to precede that of a-SMA, and inhibition of the

ED-A domain of cellular fibronectin inhibits the TGF-b1-

dependent induction of a-SMA (Serini et al. 1998). The

proto-myofibroblast is therefore intermediate in the process

of myofibroblastic differentiation.

Fibroblasts differentiate to proto-myofibroblasts in

response to increasing tension in the surrounding ECM. Cell

culture studies using hydrated collagen lattices to model

interactions between cells and the ECM have shown that

mechanical tension is essential for the induction and also the

subsequent maintenance of the proto-myofibroblast pheno-

type (Tomasek et al. 2002). The actin cytoskeleton of proto-

myofibroblasts contains stress fibres formed of cytoplasmic b
and c actin microfilaments, associated with contractile pro-

teins such as non-muscle myosin (Tomasek et al. 2002; Hinz

& Gabbiani 2003a,b). As a result of the increased mechani-

cal tension, focal adhesions, at the ends of stress fibres,

evolve to form larger mature focal adhesions, containing

integrins, actin binding proteins and kinases such as FAK

(Geiger & Bershadsky 2001; Geiger et al. 2001). Mature

focal adhesions respond to mechanical tension in the ECM

and transmit contractile force through ECM proteins such

as fibrillar collagens and fibronectin (Hinz 2006, 2009),

resulting in a further increase in mechanical tension, which

in combination with TGF-b, released from other resident

cells or infiltrating inflammatory cells, triggers differentiation

to the myofibroblast phenotype (Arora & McCulloch 1999;

Hinz 2007).

The actin cytoskeleton undergoes reorganization and

redistribution, causing stress fibres to run parallel to the cell
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periphery and leading to further evolution of focal adhe-

sions. Mature focal adhesions become supermature focal

adhesions, containing tensin, a-SMA, extracellular ED-A

fibronectin and a5b1 integrin. Alpha-SMA is incorporated

into stress fibres and has been shown to increase the con-

tractile activity of fibroblasts both in vitro and in vivo

(Dugina et al. 2001; Hinz 2009; Hinz et al. 2003).

The contractile force generated by myofibroblasts in heal-

ing wounds in the skin is essential for efficient closure and

healing of the wound, although intercellular communication

between myofibroblasts and other cells in the wound (e.g.:

keratinocytes) is also important (Gailit et al. 1994). In most

wounds, myofibroblasts do not persist; they are cleared by

apoptosis (Chipev et al. 2000; Smith & Liu 2002; Gabbiani

2003; Moulin et al. 2004; Darby & Hewitson 2007). Their

persistence, however, is associated with excessive ECM

deposition leading to loss of tissue structure, aberrant or

pathological would healing and the development of scar-

ring. The repair of injured tissue requires repopulation of

the tissue by endogenous cells. This cannot occur unless

there is remodelling of the ECM to reconstitute an approxi-

mation of the original tissue architecture. Extracellular

matrix remodelling requires the activity of proteinases, and

renal myofibroblasts produce several members of the plas-

minogen ⁄ plasmin and matrix metalloproteinase families that

are involved (Liu 2006). During the process of ECM accu-

mulation, the natural inhibitors of these proteinases (plas-

minogen activator inhibitor-1 and tissue inhibitor of

metalloproteinase-1) are often elevated in animal models of

fibrosis, so contributing to the accumulation of the fibrotic

ECM. This matrix alters the normal structure of the tissue

and thereby detrimentally affects function. If the myofibro-

blasts are not cleared, this leads to progressive organ failure

(Lane et al. 2002).

Myofibroblasts in the renal cortex

Once detectable, myofibroblasts are prognostic indicators of

fibrotic expansion and progressive tubular atrophy, leading

to end-stage organ failure. Intervening in their activity or

preventing their accumulation is a major focus of many

research groups.

The ‘classical’ source of myofibroblasts in kidney pathol-

ogy could be said to be that outlined above: differentiation

of endogenous fibroblasts under the influence of growth fac-

tors. Numerous growth factors, cytokines and hormones

Fibroblast
Proto-myofibroblast

Myofibroblast

Mechanical tension 

ED-A fibronectin 

TGFβ1 

Mechanical tension 

Phenotypic reversal? 

Cortical cytoplasmic actins 

Focal adhesions 

Fibronectin 

ED-A fibronectin 

Cytoplasmic actin 

α-SMA-containing stress 

Figure 1 Following an increase in mechanical tension, fibroblasts become activated and acquire a migratory phenotype termed the
proto-myofibroblast. Proto-myofibroblasts are characterized by the presence of stress fibres containing filamentous actins, and synthesis
of ED-A fibronectin. In the presence of prolonged mechanical tension, ED-A fibronectin, and TGF-b1 further differentiation occurs to a
contractile phenotype, termed a differentiated myofibroblast, characterized by the expression of alpha smooth muscle actin (adapted
from Tomasek et al. 2002).
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have been studied as potential mediators in the development

of fibrosis. These include TGF-b, connective tissue growth

factor, fibroblast growth factor (FGF), platelet-derived

growth factor, interleukin-1 (IL-1), tumour necrosis factor

(TNF)-a, angiotensin II and aldosterone. Of these, however,

TGF-b is the principal mediator implicated in regulating

fibrosis, and its aberrant expression has been documented in

a wide variety of fibrotic disorders. Furthermore, TGF-b is

known to have a direct effect on the turnover of the ECM

and has been shown to be essential for myofibroblastic dif-

ferentiation in a variety of systems including the kidney and

in each of these it fulfils a similar role (Ina et al. 2002;

Howell & McAnulty 2006; Uhal et al. 2007; Werner et al.

2007).

Transforming growth factor-b is a multifunctional cyto-

kine, originally isolated from platelets (Sporn & Roberts

1990). In mammals, there are three isoforms, but the form

most implicated in renal fibrosis is TGF-b1. TGF-b1 is syn-

thesized as an inactive pro-peptide that, following transla-

tion, is secreted as an inactive complex, associated with

latency-associated peptide (LAP), and is then sequestered in

the ECM. Activation of TGF-b1 occurs through cleavage of

the LAP and release of bioactive TGF-b1, which is then free

to bind to cell-surface receptors (Piek et al. 1999). TGF-b1

binds to at least three membrane proteins referred to as

receptor types I, II and III. The type I and II receptors are

trans-membrane serine–threonine kinases that transduce sig-

nals and initiate gene transcription (Ebner et al. 1993), while

the type III receptor (betaglycan) is a membrane-anchored

proteoglycan that sequesters TGF-b1 and presents it to the

type I and II receptors (Lopez-Casillas et al. 1994). Gene

transcription is triggered by phosphorylation of Smad tran-

scription factors and their subsequent translocation to the

nucleus (Shi & Massague 2003). There are also, however,

Smad-independent pathways triggered by TGF-b1, which

include mitogen-activated protein (MAP) kinases, Rho-GTP-

ases and Protein kinase B (Attisano & Wrana 2002).

Several of our own studies investigated the TGF-b-trig-

gered differentiation of fibroblasts in some detail (Clayton

et al. 2001; Evans et al. 2003; Thomas et al. 2003). These

were originally intended as a study to find additional bio-

markers of myofibroblasts that may have been useful as

diagnostic tools in combination with a-SMA. This work,

however, suggested a wholesale alteration in the receptors

and mechanisms that control the cellular responses to

growth factors and other mediators following myofibroblas-

tic differentiation. They described the identification and

expression of cell-surface heparan sulphate (HS) proteogly-

cans on renal and lung fibroblasts and demonstrated that

these were essential for the control of the proliferative

response of these cells to FGF-2. While both fibroblasts and

myofibroblasts responded to platelet-derived growth factor,

the latter, unlike the former, did not proliferate to FGF-2. A

response was acquired, however, when myofibroblasts were

incubated with FGF-2 in the presence of HS chains or hepa-

rin. The mechanism underlying this was shown to involve

changes in the expression of glycosaminoglycans (GAG),

particularly cell-surface HS proteoglycans that mediated the

interaction of FGF-2 with its signalling receptors. There was

no difference in FGF-2 binding affinity between the 2 cell-

types, but the HS-GAG chains secreted by myofibroblasts

had twice the binding capacity of those from fibroblasts.

Thus, it was likely that the difference in response to FGF-2

was because of differences in FGF-2 sequestration and recep-

tor interaction with FGF-2–HS complexes.

Clinically, this was an important finding in the light of

studies by Strutz et al. (Strutz 2009b, Strutz et al. 2000), in

which a role was described for FGF-2 in the differentiation

process of immortalized renal fibroblasts. In addition, other

findings implicate a role for FGF-2 in high glucose-altered

molecular signalling in the pathogenesis of diabetic renal dis-

ease (Vasko et al. 2009). The change in HS expression may

be an important mechanism involved in this pathogenesis, it

is also likely, however, to be important for interactions with

other growth factors and chemokines, many of which also

bind to HS structures on the cell surface. These are subse-

quently either presented to their signalling receptors or are

sequestered by soluble or ECM HS proteoglycans and pre-

vented from reaching their receptors.

Phage-display technology (van Kuppevelt et al. 2001) has

now allowed more detailed profiling of HS expression in the

kidney (Lensen et al. 2005) and identified its aberrant profile

in diabetic nephropathy (Wijnhoven et al. 2007). This sup-

ports the clinical significance of the expression of particular

HS-GAG structures demonstrated by Morita et al. (1994)

who examined the expression of HS-GAG chains in renal

biopsy sections. While total HS expression was increased in

both the glomerulus and the tubulo-interstitium, FGF-2

binding was only increased on cells in the interstitium, sug-

gesting that the expression of specific cell-surface HS proteo-

glycans may play a major role in controlling fibrotic events

in the interstitium.

One particular HS proteoglycan that has a central role in

the accumulation of myofibroblasts in areas of fibrosis is

betaglycan or TGFb receptor III. As described earlier, it is

central to the presentation of TGFb to its signalling recep-

tors. It also, however, when released from the cell mem-

brane, acts as an inhibitor of TGFb function by sequestering

TGFb away from the cell surface. Thus, using a recombinant

form of soluble betaglycan (SBG), Juarez et al. (2007) dem-

onstrated that SBG was a renoprotective agent that neutral-

ized TGFb action in a mouse model of diabetic

nephropathy. Because SBG has a high affinity for all TGFb
isoforms, the authors suggested that SBG could be a success-

ful therapy for the long-term treatment of renal disease and

other pathologies in which TGFb plays a pathophysiological

role. Proteoglycans have a protein core that is covalently

substituted with GAG side chains. Although TGFb binds to

the betaglycan core protein rather than the HS chains, Eic-

kelberg et al. (2002) reported that the ratio of TGFbRI to

TGFbRII and signalling from the receptor complex was reg-

ulated by the HS moiety on betaglycan, with smaller chains

or their absence favouring the optimal formation of the sig-

nalling complex, whereas larger chains inhibited TGF-b-
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induced cellular responses. Development of differentially

HS-substituted SBG might allow for selectivity in the effect

of anti-TGFb treatment that could be used therapeutically.

The GAG most often associated with wound healing is

the non-sulphated linear polysaccharide hyaluronan (Gailit

et al. 1994). Hyaluronan or hyaluronic acid (HA) is ubiqui-

tous and in vivo is present as a high molecular mass compo-

nent of most extracellular matrices. In addition to the

biological functions associated with its viscoelastic proper-

ties, HA regulates cellular function through its interactions

with cell-surface receptors (principally CD44) as well as

through the generation of cell surface and pericellular HA

matrices in association with HA binding proteins (hyaladhe-

rins) (Day 1999; Day & Prestwich 2002; Lesley et al. 2002;

Melrose et al. 2002; Milner et al. 2006). Hyaluronic acid

therefore plays important roles maintaining homoeostasis, as

a ECM scaffold, and in tissue repair and regeneration.

Although HA is not a major constituent of the normal renal

cortex, it accumulates in the corticointerstitium following

acute inflammatory injury and in chronic fibrotic diseases

(Wells et al. 1993, 1999, Sibalic et al. 1997; Feusi et al.

1999; Lewington et al. 2000; Sano et al. 2001; Lewis et al.

2008).

Our studies examining the TGFb-dependent activation of

cells have shown that HA potently modulates the response

of proximal tubular epithelial cells to TGFb (Ito et al.

2004a,b,c). In addition, HA accumulated in pericellular

matrices around myofibroblasts following differentiation

induced by TGFb. Because Zoltan-Jones et al. (2003) had

demonstrated that the endogenous expression of HA was

essential for mesenchymal transformation of certain epithe-

lial cell-lines, we reasoned that the changes observed in

fibroblast differentiation may also be causally related.

Subsequent studies (Meran et al. 2007, 2008; Simpson

et al. 2009a,b; Webber et al. 2009a,b) have revealed a com-

plex inter-relationship between the HA pericellular matrix

and interactions between the epidermal growth factor recep-

tor (EGFR) and the TGF receptor. This is summarized in

Figure 2.

Alternative origins of myofibroblasts

Fibrocytes

There are other potential sources for myofibroblasts in the

diseased kidney than tissue resident fibroblasts. These

sources involve circulating cells of bone marrow origin (fi-

brocytes) that migrate into the interstitium and contribute to

the pathogenesis of renal disease (Bucala et al. 1994; Quan

et al. 2004; Wada et al. 2007). This model has been sug-

gested as important in several systems and has been widely

examined in NSF (Bucala 2008). NSF occurs predominantly

but not exclusively in patients with renal impairment (Grob-

ner & Prischl 2007). It is characterized by pigmented fibrotic

lesions on the skin of the trunk and limbs and fibrosis in

internal organs, including heart and lungs, liver and muscle

(Kribben et al. 2009). It is a rapidly progressive disabling

disease, and currently, there are few therapeutic options as

with most fibrotic diseases. In patients on renal replacement

therapy, NSF is linked to exposure to gadolinium-containing

contrast media used in magnetic resonance imaging (High

et al. 2007; Marckmann & Skov 2009).

Circulating fibrocytes may be major mediators of NSF,

particularly when internal organs are involved (Ortonne

et al. 2004). Fibrocytes are fibroblast precursors expressing

CD34 and procollagen. They migrate into areas of tissue

damage and have been identified in a number of fibrotic

conditions (Quan et al. 2004, 2006; Quan & Bucala 2007)

and within NSF skin lesions (Ortonne et al. 2004). Circulat-

ing fibrocytes express CD34; however, this expression is

reduced on their surface, as they differentiate and become

more specialized (Bucala 2008). This decrease is accelerated

following stimulation with TGF-b1. TGF-b1 is produced by

fibrocytes and is likely to participate in the differentiation

events occurring in fibrosis (Chesney & Bucala 1997; Wada

et al. 2007). An average of 32% of all a-SMA-positive myo-

fibroblasts involved in ECM synthesis in the postischaemic

interstitium are derived from the bone marrow (Broekema

et al. 2007). It therefore follows that the rest of the myo-

fibroblasts present were derived from another source. There

may, however, be interactions between infiltrating fibrocytes

and resident cells that influence progression and fibrocyte-

derived TGF may be central to this.

The involvement of fibrocytes in renal disease is not uni-

versally acknowledged. Other groups have also examined

whether interstitial myofibroblasts are derived from fibro-

cytes in a variety of models of renal injury. For example,

using obstructive models of nephritis, both Lin et al. (2008)

and Roufosse et al. (2006) failed to find a contribution of

TGF-β1

Cell differentiation

EGF

CD44 EGFR

HA

EGFR

Smad2

Smad4

P P

HAS2
TGF-β R

Figure 2 TGF-b1-dependent phenotypic activation triggers two
distinct but cooperative pathways that involve TGF-R ⁄ Smad2
activation and EGF-mediated EGF-R ⁄ ERK mitogen-activated
protein kinase activation. HAS2-dependent HA synthesis is also
initiated by EGF ⁄ EGFR binding. The subsequent binding of HA
to CD44 facilitates CD44 association with the EGFR. This asso-
ciation triggers phosphorylation of ERK1 and ERK2, which
promotes cellular differentiation when combined with Smad
activation (adapted from Simpson et al. 2009b). EGFR, epider-
mal growth factor receptor; HA, hyaluronic acid.
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circulating cells to the synthesis of collagen in the injured

kidney. Thus, although circulating fibrocytes seem to be

effectors in other organs such as the heart, lung and skin

(Abe et al. 2001; Schmidt et al. 2003; Haudek et al. 2006),

their role as mediators in the kidney is still debatable, and

there is one other hypothesis that should be explored.

Epithelial to mesenchymal transition

Another potential hypothesis, developed over the last

20 years, to describe an alternative mechanism for myofibro-

blasts accumulating in the renal cortex, has been the transi-

tion of tubular epithelial cells to a mesenchymal phenotype

(epithelial to mesenchymal transition – EMT), reviewed in

(Strutz & Neilson 2003; Strutz 2009a,b). In response to

injury, it is proposed that epithelial cells undergo major

morphological changes, losing epithelial characteristics such

as polarity and the expression of junctional markers, while

inducing fibroblast markers (fibroblast-specific protein or

FSP-1, vimentin and a-SMA) (Strutz et al. 1995; Ng et al.

1998; Zeisberg et al. 2001; Iwano et al. 2002). The cells

begin to express stress fibres and migrate along and then

through the basement membrane to become (myo)fibroblasts

in the interstitium.

It has been shown that a partial absence or disassembly of

cell–cell junctions is a major trigger of TGF-b1-induced

EMT. Masszi et al. (2004) demonstrated that b-catenin

plays an important role in the TGF-b1- and cell contact-

dependent regulation of the a-SMA promoter and protein

expression. Their findings suggested a two-hit model in

which both an initial tissue injury and TGF-b1 were

required for EMT. More recently, the same group has dem-

onstrated that disruption of cell contact is itself an initiator

of signals that contribute to the EMT process through the

induction of myocardin-related transcription factor (MRTF)

(Masszi et al.). The model the authors present suggests both

Smad3-dependent (early or mesenchymal) and Smad3-inde-

pendent (late or myogenic) phases of EMT. Smad3 contrib-

utes to the loss of epithelial markers and is critical for the

expression of mesenchymal markers and certain ECM pro-

teins. It may also prepare the cells for the second phase by

promoting nuclear MRTF accumulation and the synthesis of

proteins such as ED-A fibronectin that enhances a-SMA

expression. This phase is followed by gradual degradation of

Smad3, which enables the mobilization of the myogenic

phase. This switch is a prerequisite for the motile and con-

tractile phenotype, and Smad3 is therefore a major regulator

of EMT. These results also highlight that de-differentiation

of cells in the mesenchymal phase can occur without full

transition to motile myofibroblastic cells in the myogenic

phase.

Until recently, specific lineage-tracing studies had not been

performed to trace the cellular source of myofibroblastic

cells, and several possible theories around EMT were more

or less popular. There may, for example, be a sub-popula-

tion of progenitor tubular cells that are uniquely able to dif-

ferentiate into fibroblasts (Yamashita et al. 2005). Certainly,

a-SMA and the fibroblast marker, FSP-1, do not always col-

ocalize to the same cells within a population of fibroblasts

(Okada et al. 2000) suggesting that they may have had dif-

ferent progenitor sources. It is also possible that there is a

disease-specificity to the origin of the interstitial myofibro-

blasts. For example, while EMT has been identified in mod-

els of obstruction and polycystic kidney disease (Okada

et al. 2000; Iwano et al. 2002; Yang et al. 2002), it was not

observed in a protein overload model (Ikeda et al. 2004).

Furthermore, Faulkner et al. (2005), in an accelerated model

of angiotensin II-induced fibrosis, did not observe tubular

basement membrane disruption or epithelial cell invasion of

the interstitium.

That EMT can occur is certainly true of proximal tubular

epithelial cells in culture when exposed to TGFb. The cells

lose the expression of epithelial characteristics and begin to

express markers of mesenchymal cells such as a-SMA and

fibrillar collagens (Tian & Phillips 2002). Tubular epithelial

cells can also undergo these changes when damaged in vivo.

Whether this is full EMT, leading to complete loss of the

epithelial phenotype and adoption of a migratory fibroblastic

phenotype, or whether this is simply a reversible response to

acute injury is still open to debate. Lineage-tracing experi-

ments, however, to assess the contribution of renal epithelial

cells to fibrosis have been published (Humphreys et al.

2010). Using the unilateral ureteric obstruction and unilat-

eral ischaemia-reperfusion models, the authors utilized a

cre ⁄ lox labelling system to selectively label either collecting

duct epithelial cells alone or all cells except the collecting

duct epithelium. They found no evidence that epithelial cells

had migrated through the tubular basement membrane or

had differentiated into myofibroblasts in either model of

injury. This was not explained by a loss of EMT-potential in

the genetically altered epithelial cells; cre ⁄ lox-labelled tubu-

lar epithelial cells isolated from the mice and cultured

in vitro, induced the expression of both a-SMA and FSP-1

and lost expression of the epithelial marker, E-cadherin,

when exposed to TGF-b1.

Lin et al. (2008) have previously identified perivascular

fibroblasts and pericytes as the major contributors to the

myofibroblast population in experimental obstructive

nephropathy. While they also observed recruited fibrocytes,

their numbers were very small (<0.1% of all fibroblasts).

Importantly, they found no evidence of tubular epithelial

contribution to the myofibroblast pool. The follow-up stud-

ies by Humphreys et al. (2010), using lineage-analysis also

implicated perivascular fibroblasts ⁄ pericytes, derived from

FoxD1-positive metanephric mesenchymal cells as the major

source of the myofibroblasts in the interstitium. The authors

comment that these findings should lead to a realignment of

focus towards identifying the factors that mediate the inter-

actions of pericytes with vascular endothelial cells and their

migration away from their perivascular location. They point

out that there are many important interactions between

pericytes and adjacent endothelial cells that are mutually

supporting and that reassessing the effect of endothelial

perturbations as potential contributors to fibrosis may
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be an important next step towards understanding fibrotic

initiation.

Conclusions

Research over many years has highlighted the importance of

myofibroblasts in the renal cortex for progression of kidney

disease. Much of this research has been directed towards

examining the mechanisms that may initiate fibrosis and has

seemed to highlight three separate, competing hypotheses.

Several studies, however, are beginning to provide some

degree of unification if not necessarily complete unanimity.

While EMT, fibrocyte infiltration and fibroblast to myofibro-

blast differentiation may all be involved in the response to

injury and in repair, it is the prevention of the accumulation

of myofibroblasts that is most important. The studies of Lin

et al. (2008) and Humphreys et al. (2010) indicate that new

strategies to directly target the differentiation of perivascular

fibroblasts ⁄ pericytes may successfully halt myofibroblast ini-

tiation, but it is myofibroblast persistence in tissues that is

the major factor in the scarring process. Persistence of these

cells is likely to depend on a variety of mediators ranging

from growth factors (such as TGF-b1 Webber et al.

2009a,b) released from resident or infiltrating cells, to those

which influence whether the cells are cleared, for example,

by apoptosis. In addition, studies have now identified endog-

enous antifibrotic factors, particularly hepatocyte growth

factor (Liu 2004; Yang et al. 2002) and bone morphogenetic

protein-7 (BMP-7) (Zeisberg et al. 2003), which antagonize

the action of TGF-b1. Therefore, re-establishing a balance

between pro- and antifibrotic signalling may provide a novel

opportunity for designing antifibrotic therapeutic strategies.

Understanding these mechanisms and the interactions that

control the maintenance and function of myofibroblasts in

areas of fibrosis presents the next challenge.
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